Increased height is a known independent risk factor for atrial fibrillation (AF). However, whether genetic determinants of height influence risk is uncertain. In this candidate gene study, we examined the association of 209 heightassociated single-nucleotide polymorphisms (SNPs) with incident AF in 3,309 persons of European descent from the Cardiovascular Health Study, a prospective cohort study of older adults (aged ≥65 years) enrolled in [1989][1990]. After a median follow-up period of 13.2 years, 879 participants developed incident AF. The height-associated SNPs together explained approximately 10% of the variation in height (P = 6.0 × 10 −8 ). Using an unweighted genetic height score, we found a nonsignificant association with risk of AF ( per allele, hazard ratio = 1.01, 95% confidence interval: 1.00, 1.02; P = 0.06). In weighted analyses, we found that genetically predicted height was strongly associated with AF risk ( per 10 cm, hazard ratio = 1.30, 95% confidence interval: 1.03, 1.64; P = 0.03). Importantly, for all models, the inclusion of actual height completely attenuated the genetic height effect. Finally, we identified 1 nonsynonymous SNP (rs1046934) that was independently associated with AF and may warrant future study. In conclusion, we found that genetic determinants of height appear to increase the risk of AF, primarily via height itself. This approach of examining SNPs associated with an intermediate phenotype should be considered as a method for identifying novel genetic targets.
Atrial fibrillation (AF) is the most common type of sustained arrhythmia (1) , and it has a particular impact in older adults (2) . Given its strong relationship to age, AF has often been regarded as a nongenetic disease; however, recent investigations suggest that a genetic component may exist as well. A positive family history has been observed in 15% of patients with lone AF and 5% of all patients with AF (3), and the risk of AF is increased up to 3-fold in persons with at least 1 family member with AF (4) (5) (6) . A number of gene mutations have been linked to adult-onset AF, with most involving ion channels (7) (8) (9) , although some have been associated with atrial structure, inflammation, and neurohumoral pathways (10) (11) (12) (13) (14) .
Although both candidate gene studies and unbiased approaches, such as genome-wide association studies, have identified single-nucleotide polymorphisms (SNPs) associated with risk of AF (14) , other approaches may provide additional insight. For example, hybrid approaches based on combining unbiased evaluations (in the form of genetic variants) with a continuously distributed intermediate phenotype linked to a given clinical outcome have the potential to identify novel pathways of association, and thus novel disease mechanisms. Such a "candidate SNP" approach has been used previously to demonstrate the association between polymorphisms associated with low-density lipoprotein cholesterol and risk of myocardial infarction (15) .
For AF, height may serve as an attractive intermediate variable. The association between increased height and AF has been observed in a wide range of cohorts. Height was recently examined in the Cardiovascular Health Study (CHS), a cohort study of persons aged 65 years or older, and it was found that even after adjustment for clinical risk factors, as well as atrial and ventricular size, height was independently associated with both incident and prevalent AF (16) . A similar association has been observed in other studies (17) (18) (19) (20) (21) (22) (23) (24) . The possibility that genetically determined height might be associated with AF is attractive, given recent findings from genome-wide association studies that loci associated with increased AF risk, such as those in the paired-like homeodomain 2 gene (PITX2) (25) and the zinc-finger homeobox 3 gene (ZFHX3) (26) , are also associated with growth pathways (25) (26) (27) .
A number of genome-wide association studies have identified genes associated with height (28) (29) (30) (31) (32) (33) (34) . The largest of these to date was performed in 183,727 people of European ancestry, and it identified 180 loci associated with height (34) . To date, no AF-associated loci from genome-wide association studies of AF have been found to also have an association with height or vice versa, although no study has attempted to find a common variant for the two. Such a finding would be interesting, both because height-associated SNPs represent a set of variants that are enriched in plausible candidates and because they may point to specific causal pathways shared by height and AF.
In this study, we examined the role of height-associated genetic variants as risk factors for AF in a well-characterized cohort of older adults. We first examined whether previously identified genetic predictors of height were associated with the risk of AF through creation of a genetic height score. We then used a candidate gene approach with heightassociated SNPs to identify individual SNPs that might have pleotropic effects on AF risk.
METHODS

Population
The design and objectives of the CHS have been previously described (35) . In brief, the CHS is a longitudinal study of men and women aged 65 years or older who were randomly selected from Medicare lists in Pittsburgh, Pennsylvania; Forsyth County, North Carolina; Sacramento, California; and Hagerstown, Maryland. The original cohort of 5,201 predominantly European-American participants was enrolled in 1989-1990; a second cohort of 687 predominantly African Americans was recruited in 1992-1993. The institutional review board at each study center approved the protocol, and each participant gave informed consent.
The baseline examination included a standardized questionnaire assessing a variety of risk factors, including smoking, alcohol intake, history of stroke, coronary heart disease, and heart failure, self-reported health status, and medication use upon enrollment. Methods of determining prevalent cardiovascular disease have previously been validated (36) . The physical examination included measurements of standing height, weight, and seated blood pressure (measured with a random-zero sphygmomanometer) (36) , as well as a resting 12-lead electrocardiogram. Fasting laboratory measurements included total cholesterol, high-density lipoprotein cholesterol, glucose, C-reactive protein, and serum creatinine (37) .
Determination of incident AF
Participants were contacted every 6 months for follow-up, alternating between a telephone interview and a clinic visit until 1999 and by telephone interview only after that. An annual resting electrocardiogram was obtained yearly until 1999, and discharge diagnoses for all hospitalizations continue to be collected. We identified cases of AF in 2 ways. Annual study electrocardiograms were interpreted by staff of the Epidemiology Coordinating and Research (EPICORE) Centre at the University of Alberta (Edmonton, Alberta, Canada), where the diagnosis of AF or atrial flutter was verified (24) . Hospital discharge diagnoses that included codes for AF and atrial flutter were also included, although AF or flutter diagnoses that were made during the same hospitalization as coronary artery bypass surgery or heart valve surgery were not counted. In a prior evaluation in the CHS, the positive predictive value of hospital discharge diagnoses was determined to be 98.6% for diagnosis of AF (24) , and a Holter substudy identified that only 1 in 819 subjects (0.1%) had persistent or intermittent AF not identified by the above measures (38) .
Of the original cohort of 5,201 individuals, 3,388 persons of European ancestry were successfully genotyped for the analysis, as previously described (39) . We excluded 71 participants with prevalent AF and 8 who were missing standing height measurements, leaving a study sample of 3,309 European Americans. A total of 607 persons from both the original cohort and the later African-ancestry cohort underwent successful genotyping. We excluded 10 persons with prevalent AF, leaving a study sample of 597 African Americans. For all analyses, we excluded participants who did not provide written informed consent for DNA testing or for whom DNA was not available.
Height-related polymorphisms
Prior studies have found height-associated loci explaining 0.3% (29) to 20% (34) of the heritable variation in height. We compiled a total of 289 SNPs associated with height from 10 previous studies (28-34, 40, 41) , with the majority (n = 180) coming from the Genetic Investigation of Anthropometric Traits (GIANT) Consortium (34) and the second-greatest number (n = 64) coming from the meta-analysis by Lanktree et al. (41) . Across these 10 studies, we found 14 duplicate SNPs. Web Table 1 (available at http://aje.oxfordjournals. org/) lists the 289 SNPs from these studies, including the effect allele, minor allele frequency, and reported effect size on predicted height for each SNP.
To minimize linkage disequilibrium and multiple testing among SNPs, we a priori pruned 79 SNPs within 1 megabase (1 × 10 6 base pairs) of another height-related SNP, leaving 210 SNPs. One SNP was not genotyped in the CHS population and was excluded, leaving a total of 209 heightassociated SNPs for analysis (see Web Table 1 ).
Analysis
We imputed data for SNPs and missing covariates as previously described (42, 43) . The primary analysis was performed among persons of European ancestry, with the African-ancestry cohort combined with them as a partial validation cohort (see below). First, we reconfirmed the association of height in 10-cm increments with risk of incident AF in Cox proportional hazards regression models with age-and sex-specific hazard functions, as previously described (16) . We then performed linear regression with all 209 SNPs and height to examine the total height variance explained by the 209 SNPs. As an initial approach to avoiding issues associated with overfitting of effect measures derived from the same population, we examined the effect of genetically predicted height on risk of incident AF by creating an unweighted genetic height score. We created the score by summing the number of effect alleles associated with increased height at each locus in an additive model. We confirmed the association between this unweighted height score and measured height using linear regression and then examined the association between the unweighted height score and risk of AF alone and with inclusion of measured height as a covariate. We examined the improvement in the model with inclusion of genetic information, as well as by calculating Akaike's Information Criterion.
We then performed an instrumental variable analysis, in which we used a logistic regression model with incident AF as the outcome and height score as an instrument for measured height, with adjustment for age and sex and robust standard errors (the "qvf" procedure in Stata 12; StataCorp LP, College Station, Texas). Using these models, we calculated the odds ratio for a 10-cm increment in genetically predicted height. We compared associations of incident AF with genetic and predicted height using Wald tests from similar probit models (the "ivprobit" procedure in Stata 12) .
We then created a weighted genetic height model based on the effect sizes in the CHS and examined this model in the same manner as the unweighted model above, using ageand sex-specific hazard functions, with and without inclusion of actual height. We also repeated the instrumental variable analysis as above on the weighted genetic height model.
We then examined all 209 loci together and performed a global test of the overall association between height alleles and AF risk. From among these SNPs, we then examined those from the 209 candidate SNPs that met experiment-wide significance criteria using Bonferroni correction (P < 0.00024 (0.05/209)) and confirmed Hardy-Weinberg equilibrium using a χ 2 test, with violation set at P < 0.05. As a form of internal validation, we evaluated the individual SNPs among African-American participants and in the combined cohort. We also checked for correlation between rs1046934 and the other SNPs in the CHS using Spearman coefficients, with adjustment for multiple testing, and we checked for linkage disequilibrium of this SNP with those in the 1,000 Genomes Project data set using the online SNP Annotation and Proxy Search (SNAP) tool (Broad Institute, Cambridge, Massachusetts (http://www.broadinstitute.org/mpg/snap/)) (44) . SAS, version 9.2 (SAS Institute, Inc., Cary, North Carolina), was used for all analyses unless otherwise stated. Table 1 shows baseline population characteristics. Web Table 2 also displays baseline characteristics according to incident AF. The median follow-up time was 13.2 years (range, 0.05-18.0 years), during which time 879 of the 3,309 persons of self-reported European descent developed incident AF. Using a Cox regression model stratified by age and sex, we confirmed the prior finding in the CHS that height was significantly associated with the risk of incident AF ( per 10 cm, hazard ratio (HR) = 1.38, 95% confidence interval (CI): 1.24, 1.54; P < 0.0001).
RESULTS
We first performed a regression with all 209 SNPs on adult height, and we found that collectively they accounted for 10.0% of the variability in height (P = 6.0 × 10 −8 ). We then examined a Cox regression model stratified by age and sex that included all 209 SNPs and evaluated this model with and without the inclusion of adult height. Since only 10% of the variance in height was explained by our genetic model, we found that the effect of adult height itself was minimally attenuated by inclusion of the 209 SNPs in the model (for height alone in the model, HR per 10 cm = 1.38, 95% CI: 1.24, 1.54 (P = 1.13 × 10 −8 ); for height with all 209 SNPs included, HR per 10 cm = 1.38, 95% CI: 1.22, 1.55 (P = 1.35× 10 −7 )). Overall, inclusion of all 209 SNPs together significantly improved the model (Akaike's Information Criterion increased from 6,993 to 7,135; P = 0.001).
We then created an unweighted genetic additive height score using the 209 SNPs to predict height, with a predicted effect of 0.17 cm (standard error, 0.01 cm) per effect allele (P = 1.04 × 10 −48 ). Using this model, we found that there was a nonsignificant association with the risk of developing AF, with a hazard ratio per associated allele of 1.01 (95% CI: 1.00, 1.02; P = 0.06). Inclusion of body mass index (weight (kg)/height (m) 2 ) in the model did not change the estimates. This association was completely null with inclusion of actual height in the model (HR = 1.00, 95% CI: 0.99, 1.01; P = 0.65).
We examined the association of this unweighted genetic height as an instrument score with risk of AF and confirmed that there was a similar but nonsignificant effect, with a hazard ratio of 1.52 per 10 cm of predicted height (95% CI: 0.98, 2.36; P = 0.06). We then used this same unweighted model in a formal instrumental variable analysis, in which genetically predicted height had a comparable odds ratio for association with incident AF (odds ratio = 1.43, 95% CI: 0.86, 2.38; P = 0.16), albeit with wide confidence intervals and thus a nonsignficant P value. We did not find evidence that the genetic and measured associations of height with AF differed (P = 0.91).
We then examined the association of AF with predicted height based upon the 209 SNPs, using their observed associations with measured height within the CHS. In this weighted model, we found a significant association between genetically predicted height and risk of AF, with a hazard ratio per 10 cm of 1.30 (95% CI: 1.03, 1.64; P = 0.03). As shown in Figure 1 , there was a linear association between genetically predicted height and the risk of AF. The weighted genetic height score was no longer significantly associated with height when measured height was included in the model, which itself remained significantly associated with risk of AF (for weighted genetic height score, HR per 10 cm = 1.00, 95% CI: 0.80, 1.32 (P = 0.85); for measured height, HR per 10 cm = 1.38, 95% CI: 1.22, 1.55 (P < 0.0001)). In the instrumental variable analysis, we found that the hazard ratio for a 10-cm increment in height was 1.61 (95% CI: 1.23, 2.12; P < 0.001), while the difference from the actual effect of height was also not significant at P = 0.45.
Only 1 SNP was associated with AF after Bonferroni correction for multiple testing, when included in a model with all other SNPs: rs1046934 (Web Table 3 ). We checked for correlation between rs1046934 and the other 208 SNPs in the CHS, and none were correlated at the Bonferroni-adjusted significance level (P < 0.00024). In the CHS cohort of European Americans, the minor allele frequency for rs1046934 Table 2) ). This SNP did not violate Hardy-Weinberg equilibrium (P = 0.45). When results were modeled separately by zygosity, the hazard ratio for heterozygotes was 1.18 (95% CI: 1.02, 1.37; P = 0.02) and that for homozygotes was 1.46 (95% CI: 1.18, 1.80; P = 0.0004). When we adjusted for clinical risk factors for AF, we observed no attenuation of the risk estimates for rs1046934 in the risk of AF ( per C allele, HR = 1.21, 95% CI: 1.10, 1.34 (P = 0.0001); Web Table 4 ).
To validate our results, we examined the effect of this SNP using the separate but smaller cohort of 597 self-reported African Americans, of whom 101 developed AF after a median follow-up period of 12.6 years (range, 0.3-18.0 years). The minor allele frequency for rs1046934 in this population was 0.16, which is similar to what has been reported in other African-ancestry samples (45) . The genotype frequencies were 69.9% for A/A (417 individuals), 27.6% for A/C (165 individuals), and 2.5% for C/C (15 individuals; see Table 2 ). In the combined cohort of European Americans and African Americans, the effect was highly significant; per copy of the rs1046934 C allele, the hazard ratio was 1.23 (95% CI: 1.12, 1.35; P = 1.9 × 10 −5 ). In the African-American cohort alone, there was a similar trend that did not reach statistical significance, with a hazard ratio per C allele of 1.31 (95% CI: 0.88, 1.95; P = 0.19).
We examined rs1046934 against the 1,000 Genomes Project database using the SNAP tool available through the Broad Institute (44) and found that 2 additional SNPs are in complete linkage disequilibrium (r 2 = 1) with rs1046934: rs2274432 and rs1926872. The latter SNP is in a noncoding region approximately 5,000 base pairs upstream from rs1046934, and the former (rs2274432) is also a nonsynonymous substitution in the coding region of the tRNA-splicing endonuclease 15 gene (TSEN15), about 2,500 base pairs upstream from rs1046934. The variant has a minor allele (A) with a frequency similar to that of rs1046934 (approximately 31%).
DISCUSSION
In this large prospective cohort study, we found that genetic predictors of height were associated with the risk of incident AF, confirming that height itself may play a role in increasing the risk of incident AF, rather than being a marker of pleiotropic factors. We demonstrated this finding by first confirming that the candidate genes selected were associated with height and that the genetic height score itself was associated with risk of AF. We then demonstrated that, as it should, the risk of AF associated with genetically predicted height was completely attenuated with inclusion of adult height in the model, indicating that height (at least in this analysis) was not merely a marker of genetic pleiotropy but was likely causal, at least in part. At the same time, we used this enriched sample of SNPs to identify 1 SNP that was significantly associated with AF risk, even after Bonferroni experiment-wide correction and adjustment for heightindicating that this approach may hold promise for identification of novel genes with pleiotropic effects on AF risk based on other intermediate phenotypes.
In our previous study, despite extensive adjustment for multiple potential clinical mediators, including left atrial size, left ventricular mass, and parameters of diastolic dysfunction, we were unable to detect any substantial attenuation of the height-associated risk of incident AF (16) . Pleiotropy was one potential explanation, in which genes associated with height could also affect processes in the heart unrelated to height to increase the risk of AF-an interesting possible explanation given that independent genetic studies of AF have identified genes associated with growth pathways, such as PITX2 (25) and ZFHX3 (26). These possibilities may still exist, although it is apparent from our findings that whatever the mechanism for growth leading to an AF substrate, it operates in parallel with that leading to increased height for the vast majority of height-related SNPs. One potential area of exploration is the association of height with pulmonary vein anatomy, as the pulmonary veins are a well-described trigger of AF (46) and target for therapy.
At the same time, we also found that 1 locus was associated with risk of AF even after adjustment for height. The SNP rs1046934, which was independently associated with risk of AF in our cohort, has not been described in association with AF previously. rs1046934 is found on chromosome 1 and codes a minor allele (C), which is found in approximately 32.2% of persons of European ancestry (1,000 Genomes Project) (45) but is less frequent in African Americans (approximately 10%) (45) . The rs1046934 polymorphism is nonsynonymous and codes for a change from glutamine (Q) to histidine (H) at position 256 (Q256H) of the protein encoded by TSEN15, an important component of tRNAsplicing endonuclease. tRNA splicing is a fundamental process required for cell growth and division, and the TSEN15 protein is highly conserved across vertebrates. This process, which involves the removal of introns from pre-tRNA to form "mature" tRNA, is not as well-described as its more common cousin, mRNA splicing, and its role in human disease in general remains poorly understood. tRNA splicing, specifically the tRNA-splicing endonuclease complex, has been linked with pontocerebellar hypoplasia (47) , but associations with cardiac disease have not been previously identified. As a requisite to our investigation, the rs1046934 variant has been associated with increased height in large genome-wide association studies (34), although the mechanism behind this association is unknown. Importantly, 2 additional SNPs were in complete linkage disequilibrium (r 2 = 1) with rs1046934 in the 1,000 Genomes data set, one of which (rs2274432) is also a nonsynonymous substitution in the coding region of TSEN15. It remains to be determined whether either of these SNPs is causal for AF; however, they suggest that tRNA splicing may play a previously unrecognized role in creating a substrate for AF development, which deserves further investigation.
Among the limitations of our study was the finding that only about 10% of the total variance in height was explained by the selected candidate SNPs. In studies of over 300,000 SNPs, it has been estimated that genes explain about 45% of the variance in height (48) , although studies with smaller numbers of loci (n = 190) have estimated that approximately 10%-20% of the variance in height is explainable by genetics (34) . That rare variants might contribute to individual height, as well as to AF risk, is a possibility that will require future investigation as these variants are uncovered. Another limitation was our inability to validate the SNP results in a completely separate cohort, which is especially important given that this particular gene has not been associated with cardiac disease previously, although our top SNPs were at least as strongly numerically associated with risk of AF among African-American participants as among European Americans, and we included a large number of cases in both our European-and African-American cohorts.
In conclusion, in this candidate gene analysis of data from a large prospective cohort study, we found that genetic predictors of increased height were significantly associated with the risk of AF. In addition, we found that a candidate SNP associated with the tRNA-splicing protein gene TSEN15 was independently associated with the risk of AF. Future studies are needed to validate these findings and to examine the role of this particular pathway in development of AF. N01HC85080, N01HC85081, N01HC85082, N01HC85083, and N01HC85086 and grants HL103612, HL080295, HL087652 and HL068986 from the National Heart, Lung, and Blood Institute, with an additional contribution from the National Institute of Neurological Disorders and Stroke. Additional support was provided by grants AG023629 and 1R01AG031890 (to R.C.K.) from the National Institute on Aging. M.A.R. was also supported by the 2013 Postdoctoral Fellowship Award of the Heart Rhythm Society (Washington, DC).
A full list of the principal investigators and institutions in the Cardiovascular Health Study can be found at http://www. chs-nhlbi.org/PI.htm.
Conflict of interest: none declared.
